Protein synthesis at distal synaptic sites is thought to play a critical role in long-term synaptic plasticity at preexisting connections. We tested whether protein synthesis in distal neuritic processes contributes to the formation of new synaptic connections by Aplysia neurons regenerating in cell culture after removing their cell bodies. Removal of either the sensory neuron (SN) or motor cell L7 cell body did not affect the formation of synaptic connections during the next 48-72 hr period. Increases in synaptic efficacy after removal of the SN cell body was accompanied by neurite growth and an increase in the number of SN varicosities contacting L7. The increases in synaptic efficacy and the number of SN varicosities were blocked by anisomycin, a protein synthesis inhibitor. The initial formation of synaptic connections was not affected by the absence of the L7 cell body. In the absence of cell bodies from both presynaptic and postsynaptic cells, synaptic efficacy increased for 48 hr and was blocked reversibly by anisomycin. These results support the idea that distal neuritic processes contain stable mRNAs and the macromolecular machinery for protein synthesis that are required for the formation of new synaptic connections.
Synapses remain functional long after removal of the cell bodies of either presynaptic or postsynaptic neurons (Bittner, 1991; Kang and Schuman, 1996) . The long-term maintenance of synaptic efficacy and the capacity to express activity-dependent changes even in the absence of neuronal cell bodies suggest that local metabolic activity can support synapse function and plasticity. Metabolic support may be provided by transfer of critical macromolecules synthesized in neighboring cells that retain their cell bodies (glia or other neurons) or from local protein synthesis in the distal processes of the injured cells via translation of mRNAs transported from cell bodies.
Is local translation of proteins encoded by mRNAs transported to distal sites of a neuron necessary for the growth and development of new synaptic connections? Inhibition of protein synthesis at specific times at or near distal synaptic sites can disrupt longterm synaptic plasticity (Kang and Schuman, 1996; Martin et al., 1997; Sherff and Carew, 1999; Huber et al., 2000) . Several mRNAs transported to distal sites encode a variety of proteins that might contribute to long-term synaptic plasticity: calcium/ calmodulin-dependent protein kinase II, cytoskeletal and their binding proteins, and transmitter receptors (Crino and Eberwine, 1996; Steward and Schuman, 2001 ). The local translation of some of these mRNAs appear to contribute toward cellular changes associated with long-term plasticity at preexisting synaptic interactions (Steward et al., 1998; Wu et al., 1998; Casadio et al., 1999; Sheetz et al., 2000) . It is unclear, however, whether the local synthesis of these macromolecules is both necessary and sufficient to allow de novo synapses to form.
Protein synthesis at or near distal synaptic sites contributes to the expression of some forms of long-term facilitation at preexisting sensorimotor synapses in Aplysia Casadio et al., 1999; Sherff and Carew, 1999) . Local protein synthesis may contribute to plasticity associated with long-lasting morphological changes in the arbor of the presynaptic sensory neuron Casadio et al., 1999) . Is local protein synthesis required during the initial growth, formation, and maturation of synapses between a sensory neuron (SN) and motor neuron L7? In dissociated cell culture, it is possible to follow the formation and maturation of new synapses by Aplysia SNs (Glanzman et al., 1989; Bank and Schacher, 1992; Zhu et al., 1994) . New synapses form via growth cone extension and establishment of varicosities at sites with high density of cell surface adhesion molecules (Zhu et al., 1994; Hatada et al., 1999 Hatada et al., , 2000 . Synapse formation and maturation are accompanied by the induction and local clustering of functional NMDA-like receptors and the subsequent addition of functional AMPA-like receptors at postsynaptic sites near SN varicosities (Conrad et al., 1999) . In addition, interaction with an appropriate synaptic partner and neuromodulators regulate the local accumulation of SN-specific mRNA transported to distal sites Sun et al., 2001 ). Together, these findings suggest that local protein synthesis at sites of interaction between SN and appropriate targets might contribute to the formation of synaptic connections.
To test whether local synthesis contributes to de novo synapse formation, we followed changes in synaptic efficacy and structure after removing the cell body of the presynaptic SN, the postsynaptic L7, or both. We found that formation of synaptic connections was not affected and continued during a 48 -72 hr period.
However, formation of new synaptic connections was blocked reversibly by protein synthesis inhibition. These results suggest that local translation of stable mRNAs transported to distal sites is required for the formation of new synaptic connections.
MATERIALS AND METHODS
Cell culture and electrophysiolog y. SNs were isolated from pleural ganglia dissected from adult animals (80 -100 gm), and motor cell L7 was isolated from juvenile (1-3 gm) abdominal ganglia and maintained in culture for up to 4 d as described previously (Rayport and Schacher, 1986; Schacher et al., 1999) . Cocultures consisted of one SN with one L7 (SN -L7).
C ell bodies were removed as described previously Fig. 2 ). The SN cell body was dissected 24 -48 hr after plating, and the strength of connections between the cells was reexamined over the next 48 hr. Removing the SN cell body earlier often resulted in the detachment of the remaining axon from the substrate and subsequent degeneration. The cell body of L7 was removed 15-18 hr after plating. An SN was then added to the cultures 2-3 hr after dissecting the L7 cell body. By that time, a stable stump forms at the dissection site of the axon of L7. Cultures were reexamined during the next 24 -72 hr.
Standard electrophysiological techniques were used to record the amplitude of the EPSP evoked in L7 before and after cell body removal. In some cultures, the protein synthesis inhibitor anisomycin (20 M) was added to the culture medium and washed out 24 hr later. Motor cell L7 (cell body or axon stump) was impaled with a microelectrode (resistance of 15-20 M⍀) containing 2.0 M K-acetate, 0.5 M KC l, and 10 mM K-H EPES, pH 7.6, and held at Ϫ85 mV. Each SN was stimulated with a brief (0.3 msec) depolarizing pulse to evoke an action potential using an extracellular electrode placed near the cell body or axon stump of the SN. Control and experimental cultures were matched so that the baseline of EPSP amplitude was comparable before cutting the axons. After 2 d in culture, weak synaptic connections (EPSP Ͻ8 mV) and large connections (EPSP Ͼ30 mV) show smaller changes over time.
Dye injection and imag ing of structural changes. The fluorescent dye 5(6)-carboxyfluorescein (6% in 0.44 M KOH, pH 7.0; Molecular Probes, Eugene, OR) was injected into SNs with 0.3-0.4 nA hyperpolarizing current pulses (500 msec at 1 Hz) for 5-6 min (Glanzman et al., 1989) . Nomarski or phase contrast and fluorescent images of the same view areas along the axons of L7 were taken to map out the location of SN varicosities and neurites at each time point. Images were taken with a Nikon (Tokyo, Japan) Diaphot microscope attached to an SI T (Dage 68; Dage-MTI, Michigan C ity, I N) video camera, processed by a Dell 310 computer with a personal computer Vision Plus frame grabber, and subsequently stored on compact disks. Alignment of the live view area at the second time point with the initial recorded image was aided by the computer, with fine adjustments made with the stage controls, and by manual rotation of the culture dish. I llumination used for obtaining fluorescent images was kept as low as possible to prevent photodamage. To minimize differences in imaged structures that might arise as a result of differences in the extent of dye filling, light intensities used at the second time point were adjusted to match the intensity of the stored images taken before treatment.
Quantification of structural changes. Counts of the number of varicosities were obtained from fluorescent images of SN neurites contacting the proximal 350 -400 m of the axon of L7. Previous studies had indicated that this portion of the axon of L7 is the most favorable substrate for growth of SN neurites that form varicosities with transmitter release sites (Glanzman et al., 1989; Schacher et al., 1990) . SN varicosities can be found at any position along this proximal portion of the axon of L7 (Bank and Schacher, 1992) . Because the axon of L7 is a relatively thick structure, it often required as many as four different focal planes to image all of the labeled neurites and varicosities in a given view area. To minimize slight differences in focus that could obscure differences in varicosity number, we used computer-assisted superimposition of the various focal planes onto a single two-dimensional image. The matched fluorescent images of each focal plane along with the superimpositions for both time points were compared, and the total number of varicosities was counted. Structures that were slightly elongated spheres greater or equal to 1.5 m connected by narrow neuritic necks were counted as varicosities Chen, 1983, 1988) . Counts of varicosities were performed blind; the individual did not know the amplitude of the EPSPs before or after treatment or the nature of the treatment. Only net change in varicosity number (not changes in varicosity shape) was used to measure structural changes evoked with treatments.
Data anal ysis. Average EPSP amplitudes and varicosity numbers per treatment are given as means Ϯ SEM. Effects of treatment were calculated using ANOVAs, and the significance of differences between treatment groups and control was measured with a multicomparison test (Dunnett's).
RESULTS

Changes in synaptic efficacy and axon growth in the absence of SN cell body require new protein synthesis
New synapses form between SN and L7 by 15 hr after plating and continue to form over the next 4 d (Zhu et al., 1994) . The increase in EPSP amplitude (synaptic efficacy) during the first 4 d in culture is accompanied by the growth of new SN neurites from the axon stump and the formation of new SN varicosities (Glanzman et al., 1989; Bank and Schacher, 1992; Zhu et al., 1994) . SN varicosities contacting the major processes of L7 contain release sites (one to three active zones per varicosity). SN varicosities do not contain release sites when contacting the substrate or target neuron L11, which fail to respond to action potential activity in the SN (Glanzman et al., 1989) . Neurite outgrowth from Aplysia neurons in culture does not require the presence of cell bodies (Benbassat and Spira, 1994) . We first examined whether new synaptic contacts between SN and target cell L7 continues to form when the SN cell body is removed.
Synaptic efficacy increased after removing the SN cell body (Fig. 1) . After measuring EPSP amplitude in 2-d-old cultures, the SN cell body was removed ( Fig. 1 A, B) , and EPSP amplitudes were reexamined twice during the next 24 hr. Neurites grew from the new SN axon stump formed after cell body dissection in all cases ( Fig. 1 B, arrow) . Cutting the SN axon produces the firing of action potentials (10 -20) lasting several seconds that evoke EPSPs in the target cell (Fig. 1C) . Control and experimental cultures were matched so that the baseline of EPSP amplitude was comparable before cutting the axons (16.3 Ϯ 3.3 mV for the control group and 17.2 Ϯ 2.5 mV for the cut axon group). EPSP amplitudes increased for both groups at both 4 and 24 hr (21.2 Ϯ 3.6 and 30.7 Ϯ 5.3 mV for the control group compared with 22.0 Ϯ 3.4 and 33.8 Ϯ 5.6 mV for the cut axon group) (Fig. 1 D, E ). An ANOVA indicated no significant difference in the changes in EPSP amplitude (n ϭ 6 cultures for each group; F ϭ 0.711; p Ͼ 0.5). Cutting the SN axon and removing the SN cell body does not affect the typical increases in synaptic efficacy that is observed in control cultures.
Changes in the efficacy of SN-L7 synapses is accompanied by an increase in the number of SN varicosities contacting the major processes of L7 (Glanzman et al., 1989; Bank and Schacher, 1992; Zhu et al., 1994) . New varicosities contacting the major processes of L7 contain active sites (Schacher et al., 1990; Hatada et al., 1999) . We next examined whether new SN varicosities can form after removal of the SN cell body and whether the changes in synaptic efficacy and the number of new SN varicosities require new protein synthesis (Fig. 2) .
The increase in synaptic efficacy 24 hr after removal of the SN cell body was accompanied by an increase in SN varicosities. After 2 d in culture, EPSP amplitude before removing SN cell body was 17.8 Ϯ 4.3 mV for the control group (n ϭ 6 cultures) and 21.4 Ϯ 4.4 mV for the anisomycin-treated group (n ϭ 6 cultures). The average EPSP amplitude in the control group increased significantly to 31.0 Ϯ 4.0 mV after 24 hr compared with the initial EPSP ( p Ͻ 0.05). The average EPSP amplitude in the anisomycin-treated group was 20.8 Ϯ 3.6 mV and was not signif-icantly different from the initial EPSP amplitude. In the same cultures, we examined the structure of the SN arbors contacting the major processes of L7 (Fig. 2 A, D) after injection of carboxyfluoroscein into the SN cell body before removing the SN cell body and 24 hr later after injection of the same dye into the stump of the SN axon. The increase in EPSP amplitude in the control group was accompanied by an ϳ40% increase in the number of new varicosities: 12.6 Ϯ 2.5 varicosities ( p Ͻ 0.05) (Fig. 2 B, C) . The cultures treated with anisomycin failed to show a significant change in the number of SN varicosities: Ϫ0.8 Ϯ 1.1 varicosities (Fig. 2 E, F ) . Thus, the increases in EPSP amplitude and the number of SN varicosities that develop in the absence of the SN cell body require new protein synthesis.
The effect of treatment with anisomycin on the changes in is used to evoke EPSPs in L7. Dye-filled electrodes inserted at the SN axon stump are used for imaging SN neurites contacting L7 (Fig. 2) . Scale bar, 50 m. C, Examples of two traces before and after cutting the SN axon while recording intracellularly from L7. An initial high-frequency burst of EPSPs is followed by low-frequency bursts. Note the rapid decline in EPSP amplitude typical of homosynaptic depression. Calibration: 10 mV, 0.5 sec. D, Examples of EPSPs evoked in L7 before (Pre) and after (4 hr and 24 hr) control treatment (CONT ) and cutting the SN axon and removing the SN cell body (ϪSN CB). EPSP amplitudes increase for both groups. Calibration: 15 mV, 25 msec. E, Summary of the mean Ϯ SEM of the EPSP amplitudes recorded before (Pre) and at two time points after control (CONT ) and experimental (ϪSN CB) treatment. There was no significant difference in the increases in EPSP amplitude over time (see Results).
EPSP amplitude was reversible (Fig. 3) . EPSP amplitudes were measured during a 48 hr period after cutting the SN axon ( Fig.  3A-C) . After 2 d in culture and before removing the SN cell body (Fig. 3A) , average baseline EPSP amplitudes were not significantly different (19.2 Ϯ 4.5 mV for control, 17.2 Ϯ 2.8 mV for cut axon, and 15.6 Ϯ 2.8 mV for cut axon plus anisomycin groups, respectively). Treatment with anisomycin (n ϭ 8 cultures) blocked the increase in EPSP amplitude during the first 24 hr period. After washout of anisomycin, EPSP amplitudes increased during the second 24 hr period (Fig. 3 D, E) . During the first 24 hr period, EPSP amplitudes for control and cut axon groups (n ϭ 8 cultures each) increased significantly ( p Ͻ 0.05) compared with initial baseline EPSP amplitudes (to 32.4 Ϯ 5.2 and 28.0 Ϯ 3.7 mV, respectively). Treatment with anisomycin resulted in little change in the average EPSP amplitude to 16.2 Ϯ 3.6 mV ( p Ͼ 0.7). During the second 24 hr period, the control and cut axon groups increased significantly compared with baseline EPSP amplitudes ( p Ͻ 0.01) to 41.0 Ϯ 6.5 and 35.6 Ϯ 4.4 mV, respectively. After washout of anisomycin, the average EPSP amplitude for the cut axon plus anisomycin group now increased significantly compared with baseline ( p Ͻ 0.05) to 24.6 Ϯ 4.7 mV. The resumption of changes in synaptic efficacy after washout of anisomycin suggests that the translation of stable mRNAs already transported to SN neurites contribute to the formation of new functional connections.
Changes in synaptic efficacy in the absence of L7 cell bodies require new protein synthesis
We next examined whether SNs can form synapses with L7 in the absence of the L7 cell body. L7 cells were first plated alone (Fig.  4 A) . The next morning (15-18 hr later), the cell body was removed and then an SN was plated close to the remaining neuritic processes of L7 (Fig. 4 B) . Control cultures were prepared in the same way without removal of the L7 cell body. EPSP amplitudes were measured 2 d later. There was no significant difference in the average EPSP amplitudes (Fig. 4C,D) . The average EPSP amplitude for the control group was 18.4 Ϯ 1.7 and 16.7 Ϯ 2.7 mV for the cultures without the L7 cell body (n ϭ 10 cultures each). These results suggest that synapse formation is initiated and proceeds in the absence of the L7 cell body. Can synaptic connections form in the absence of both the presynaptic and postsynaptic cell bodies? We followed the same culture protocol as described in the paragraph above and removed the SN cell body 24 hr after plating the SN with the L7 Fig. 5 A, B) . In one group of cultures, the preparations were then treated with anisomycin (n ϭ 8 cultures). The other group of cultures served as control (n ϭ 8 cultures). EPSP amplitudes were measured during the next 48 hr.
neurites (
Increases in synaptic efficacy proceeds in the absence of all cell bodies. As described in Figure 4 , SNs initiate synapse formation with L7 in the absence of the L7 cell body. The average EPSP amplitude 1 d after plating the SN was not significantly different for the two groups: 8.2 Ϯ 2.2 mV for controls and 6.2 Ϯ 0.8 mV for the cultures that will be treated with anisomycin at a later point. Removing the SN cell body as well does not disrupt the changes in synaptic efficacy measured 24 hr later. After removing the SN cell bodies in the control culture, average EPSP amplitude increased to 19.8 Ϯ 4.1 mV ( p Ͻ 0.05) compared with EPSP amplitude measured 24 hr earlier. Adding anisomycin to cultures after removal of the SN cell body blocked the increase in EPSP amplitudes. EPSP amplitudes in the anisomycin-treated cultures were virtually unchanged (6.3 Ϯ 1.0 mV) compared with the average EPSP amplitude measured 24 hr earlier. During the next 24 hr period, the average EPSP amplitude in the control group increased further to 28.5 Ϯ 4.8 mV. With washout of anisomycin, average EPSP amplitudes now increased significantly ( p Ͻ 0.05) to 18.0 Ϯ 1.6 mV. Thus, translation of stable mRNAs transported to the neurites of SN and/or L7 is required for the formation of new functional connections.
DISCUSSION
Our results suggest that protein synthesis at or near synaptic sites is required for the establishment of new synaptic contacts in the absence of cell bodies. In the absence of SN cell bodies, neurite extension and the formation of new SN varicosities in contact with the major processes of the postsynaptic neuron L7 accompany the increase in synaptic efficacy. These varicose structures contain the morphological features characteristic of transmitter release sites (Glanzman et al., 1989; Schacher et al., 1990; Hatada et al., 1999) .
The protein synthesis inhibitor anisomycin blocks neuritic growth, the formation of new SN varicosities, and reversibly blocks the increase in synaptic efficacy. Thus, the translation of stable mRNAs exported to distal sites before removal of the cell bodies is critical for the formation of new synaptic connections.
The effects of anisomycin on the normal increases in synaptic efficacy and in the growth and varicosity formation by SN neurites suggest that protein synthesis in the neurites of the SN and L7 is critical for new synapse formation. Isolated neurites of Aplysia neurons synthesize proteins and synthesis at or near synaptic sites is required for the expression of synapse-specific long-term facilitation at established sensorimotor synapses by serotonin Casadio et al., 1999; Sherff and Carew, 1999; unpublished observations) . Local protein synthesis might increase transmitter release at preexisting synaptic contacts by modulating size and number of presynaptic active sites Chen, 1983, 1988) . Synapse formation in the absence of L7 cell body. A, Photomicrograph of an L7 in culture alone for 18 hr before cutting the axon at the arrowhead. The cell body of L7 is located at the bottom left portion of the micrograph. B, Photomicrograph of the same culture 48 hr after cutting the L7 axon and then adding a single SN. EPSPs are evoked by stimulating the SN cell body and recording the response with an intracellular electrode in the new L7 stump (arrow). Scale bar, 50 m. C, Examples of EPSP amplitudes 2 d after adding an SN to a culture without the L7 cell body (ϪL7 CB) and to a control culture prepared at the same time (CONT ). Calibration: 15 mV, 25 msec. D, Summary of the EPSP amplitudes recorded at 48 hr after adding an SN to L7 with (CONT ) or without L7 cell body (ϪL7 CB). EPSP amplitudes were not significantly different (see Results). Chitwood et al., 2001) . A number of mRNAs involved with membrane cycling at terminals are transported to distal neurites of SN-L7 cocultures (our unpublished observations). Local translation of exported mRNAs in SN neurites that encode for other proteins such as actin and the neuropeptide sensorin A are likely to contribute to neuritic growth and the assembly of new functional synapses (Santarelli et al., 1996; Schacher et al., 1999 , Hatada et al., 2000 Sun et al., 2001) . For example, neurite extension and the formation of new SN varicosities both require actin polymerization at preexisting varicosities (Hatada et al., 2000) . In addition, levels of exported mRNA encoding sensorin and expression of sensorin peptides in SN varicosities increase with synapse formation (Santarelli et al., 1996; Casadio et al., 1997; Schacher et al., 1999; Sun et al., 2001) . Thus, formation of new synaptic contacts may involve the local synthesis in SNs of actin and other molecules needed for growth cone motility and extension, varicosity formation, and synaptic function.
One role of the proteins synthesized locally in the formation of new SN varicosities appears to involve growth cone extension, motility, and varicosity formation. New SN varicosities form primarily from growth cones (Hatada et al., 1999 (Hatada et al., , 2000 . The growth cones form en passant varicosities through a series of pauses in extension, formation of a nascent varicosity, and subsequent extension of a neurite tipped with a growth cone. Because anisomycin blocks extension by SN growth cones (Fig. 2) , this effect of the inhibitor could prevent the subsequent increases in varicosity formation that appears to contribute to increases in synaptic efficacy during the first days of coculture (Zhu et al., 1994) . Previous studies (Coulson and Klein, 1997) found that new synapses can form rapidly between the cell bodies of an SN and a Figure 5 . Protein synthesis-dependent synapse formation by SN neurites with L7 neurites in the absence of both cell bodies. A, Photomicrograph of SN-L7 culture on day 1 without L7 cell body (ϪL7 CB) just after recording EPSP illustrated in C (ANISO). The SN was added to the culture after cutting the L7 cell body (Fig. 4) . The SN axon was cut at the arrowhead. The culture was then incubated in medium containing anisomycin. B, Photomicrograph of the same culture 48 hr later on day 3. The EPSP (see Day 2 and Day 3 in C) was produced in L7 by stimulating the SN axon stump (arrow). Scale bar, 50 m. C, Examples of EPSPs produced in a control and an anisomycin-treated culture at each time point. SNs formed synapses with L7 in the absence of the L7 cell body (Day 1, ϪL7 CB). EPSP amplitude increased in the absence of both the L7 and SN cell bodies (CONT, Day 2 and Day 3, ϪL7 & SN CB). The increase in efficacy is reversibly blocked by anisomycin (ANISO, Day 2 and Day 3). Calibration: 10 mV, 25 msec. D, Summary of the changes in EPSP amplitudes (mean Ϯ SEM) in the control (CONT ) and anisomycin-treated (ANISO) groups. An overall ANOVA indicated a significant difference between the two groups (F ϭ 7.066; p Ͻ 0.005). Individual comparisons indicated a significant change in EPSP amplitude on days 2 and 3 in the control cultures over the EPSP amplitude recorded on day 1 (baseline): anisomycin blocked an increase in EPSP amplitude over baseline, and EPSP amplitude increased significantly compared with baseline after washout of anisomycin (see Results).
target motor neuron (adult siphon motor cells from the left abdominal ganglion) in the presence of anisomycin. All components necessary for synapse formation by these Aplysia neurons are presynthesized in the cell bodies and require no new protein synthesis for synapse assembly. In contrast, synapse formation between neuronal cell bodies isolated from the adult ganglia of Lymnaea requires new protein synthesis (Feng et al., 1997) . For new synaptic contacts to form via growth cones as reported here, new protein synthesis at or near synaptic sites may be required for both extension of presynaptic growth cone and varicosity formation.
The ability of synapses to form in either the absence of the L7 cell body or the absence of both cell bodies makes it likely that local protein synthesis in the neurites of L7 also contribute to the formation of new synaptic connections. The distal processes of L7 (when cultured alone) have significant levels of various mRNAs and other components necessary for protein synthesis ) (our unpublished observations). Recent studies, however, present conflicting data on the role of protein synthesis in the postsynaptic neuron in long-term synaptic plasticity of sensorimotor synapses. Intracellular injection of the membraneimpermeable protein synthesis inhibitor gelonin into the postsynaptic motor cell (L7) failed to block the expression of long-term facilitation produced by serotonin (Trudeau and Castellucci, 1995; Martin et al., 1997) , but gelonin injections into pedal motor neurons succeeded in blocking some forms of long-term facilitation (Sherff and Carew, 2000) . One possible explanation for the difference is the size of the motor cell. In the previous studies, the inhibitor was injected into the cell body of the large motor cell L7. Failure to block facilitation with injection into the cell body of L7 may result from insufficient levels of gelonin in both the cell body and distal sites. In the later studies, gelonin was injected into smaller motor cells in the pedal ganglion. Sufficient levels of the inhibitor may have blocked protein synthesis in both the cell body and distal processes, thereby blocking the expression of long-term facilitation. Direct intracellular injection of gelonin into the new axon stump of either the SN or L7 would test directly the cellspecific requirement for protein synthesis in neurites for the formation of new synapses.
The ability of SNs to initiate synapse formation with L7 in the absence of the L7 cell body and to establish new contacts without the SN cell body for several days indicates that all of the machinery necessary for assembling new functional active zones is present in the distal neurites. This includes the necessary components for translating stable mRNAs that have been transported from the cell bodies. Formation of new synapses by isolated neurites may also require the synthesis and rapid local insertion of functional NMDA-like receptors on the surface of L7 that are apposed to new SN varicosities and the subsequent insertion of functional AMPA-like receptors as synaptic efficacy increased (Conrad et al., 1999) . Isolated invertebrate axons are capable of synthesizing functional transmitter receptors and inserting them into their membrane surface (Spencer et al., 2000) .
Proteins synthesized in the cell bodies of SN and L7 that are critical for synaptic function and transported toward synaptic sites via axonal transport are likely to contribute to the formation of new synaptic connections (Nakata et al., 1998; Ahmari et al., 2000) . When the cell bodies are removed, the relatively large axons of both the SN and L7 contain proteins that had been synthesized in the cell body and transported into the axons to be used at distal synaptic sites. These molecules along with the proteins synthesized locally combine and together permit the formation of new synapses. Future experiments will determine the identity of some of the proteins synthesized at distal sites and in the cell body that are required for the formation and maintenance of new synapses.
